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The mechanisms whereby different external cues Results and discussion
MAPK modules are a conserved feature of many signalstimulate the same mitogen-activated protein
kinase (MAPK) cascade, yet trigger an appropriately transduction pathways in eukaryotes and often transmit
signals to the transcriptional machinery to elicit specificdistinct biological response, epitomize the
conundrum of specificity in cell signaling. In yeast, programs of gene expression [5]. Signals are transmitted
through these modules when a MAPKKK activates ashared upstream components of the mating
pheromone and filamentous growth pathways MAPKK (or MEK) that in turn activates a MAPK that
activate two related MAPKs, Fus3 and Kss1, which then phosphorylates various effectors. The corresponding
in turn regulate programs of gene expression via the kinases in the prototypical mating/filamentous MAPK
transcription factor Ste12 [1]. As fus3, but not kss1, pathway of the budding yeast Saccharomyces cerevisiae are
strains are impaired for mating, Fus3 exhibits Ste11, Ste7, and one of two MAPKs, Fus3 or Kss1 [6].
specificity for the pheromone response. To account Peptide mating pheromones bind to G protein-coupled
for this specificity, it has been suggested that Fus3 receptors, resulting in the release of G subunits that
physically occludes Kss1 from pheromone- recruit the scaffold protein Ste5 to the membrane [7,
activated signaling complexes, which are formed on 8]. Ste5 binds Ste11, Ste7, and Fus3 or Kss1, thereby
the scaffold protein Ste5 [2]. However, we find that facilitating activation of the kinase cascade [9]. In parallel,
genome-wide expression profiles of pheromone- the membrane-localized PAK-like kinase Ste20 and its
treated wild-type, fus3, and kss1 deletion strains activator, the small GTPase Cdc42, contribute to Ste11
are highly correlated for all induced genes and, activation [10, 11]. MAPK activity impinges on the tran-
further, that two catalytically inactive versions of scription factor Ste12, probably via the phosphorylation-
Fus3 fail to abrogate the pheromone-induced dependent inactivation of two regulators of Ste12, called
transcriptional response. Consistently, Fus3 and Dig1/Rst1 and Dig2/Rst2 [12–14]. Once activated, Ste12
Kss1 kinase activity is induced to an equivalent orchestrates a transcriptional program that is necessary,
extent in pheromone-treated cells. In contrast, both but not sufficient, for the mating response [6, 15]. Another
in vivo and in an in vitro-reconstituted MAPK system, MAPK substrate, Far1, plays a crucial role in two aspects
Fus3, but not Kss1, exhibits strong substrate selectivity of the pheromone response. Upon phosphorylation, Far1
toward Far1, a bifunctional protein required for inhibits G1 cyclin-Cdc28 kinase activity, thereby pre-
polarization and G1 arrest [3, 4]. This effect accounts venting the progression into S phase [16, 17]. In parallel,
for the failure to repress G1-S specific transcription in Far1 binds free G and establishes a site of polarized
fus3 strains and, in part, explains the mating defect of growth toward the mating partner by recruiting polarity
such strains. MAPK specificity in the pheromone proteins [4].
response evidently occurs primarily at the substrate
level, as opposed to specific kinase activation by In diploid cells, Ste20, Ste11, Ste7, and Ste12 are essential
dedicated signaling complexes. for the morphological differentiation of round yeast-form
cells into chains of pseudohyphal-form cells upon nutrientAddresses: Department of Medical Genetics and Microbiology,
University of Toronto, 1 Kings College Circle, Toronto M5S 1A8 starvation [1, 18]. A phenotypically similar response termed
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growth are often collectively referred to as filamentous
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signaling complexes built on the Ste5 scaffold, i.e., Kss1
acts as an imposter kinase. In support of this idea, the
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Figure 1
Two models of signaling specificity in the yeast
mating response. (a) Fus3 interacts with
Ste5 and thereby physically occludes Kss1
from the mating-specific signaling complexes
[2]. (b) Both Fus3 and Kss1 interact with Ste5
and are equally competent for induction of
the Ste12-dependent transcriptional program,
while Fus3 phosphorylates additional
substrates required for efficient mating,
including Far1.
expression of a catalytically inert version of Fus3 in a fus3 Kss1 can substitute with high fidelity for the induction
of pheromone-responsive genes.strain severely reduces mating efficiency and attenuates
pheromone-dependent induction of an STE2-lacZ reporter
gene [2]. Although Kss1 can be phosphorylated in response To decisively test the model in which Fus3 physically
to mating pheromone, this effect has only been examined blocks Kss1 from transmitting the mating signal, we re-
in strains lacking FUS3 or overexpressing KSS1 [20, 21]. investigated the effect of catalytically inactive versions of
All told, these results are consistent with a specificity mech- Fus3 on the induction of themating program in fus3 strains
anism in which Fus3 physically occludes Kss1 from the [2]. Fus3K42R lacks a conserved catalytically essential lysine
Ste5 complex (Figure 1a). residue, while Fus3T180A,Y182F lacks crucial phosphorylation
sites in the activation loop and therefore cannot be stimu-
lated by Ste7 [20]. Expression of either catalytically inertTo elucidate global transcriptional changes that result
from the loss of Fus3 or Kss1 function, DNA microarrays version of Fus3 failed to alter neither the pheromone-
induced transcriptional profile (Figure 2d–h; Table S3)with 97% genome coverage were probed with differen-
tially labeled cDNA pools from various mutant strains. nor the basal level of pheromone-induced genes (see Ta-
bles S4 and S5). For example, highly induced genes re-All experiments were carried out in the wild-type 1278
strain background to enable direct comparison with previ- quired for nuclear fusion, such as FUS2 and FIG1 [15,
23], were unaffected by the presence of inactive versionsous studies [2], and at least 92% gene coverage was ob-
tained for each experiment (see Table S1 available with of Fus3, nor were a-specific genes, such as MFA1 and
STE2 (Figure 2d–h). To reveal potential quantitative re-this article online). Despite the known mating defect of
fus3 strains [22], we found that the pheromone-induced ductions in mating gene induction, we directly compared
the profile from a strain bearing the most biologicallyexpression profiles of wild-type, fus3, and kss1 strains were
highly correlated with each other (Figure 2a–c,h). In par- compromised version, Fus3T180A,Y182F, to that of wild-type
cells (Figure 2f–g). Although the transcriptional profilesticular, the top pheromone-induced genes in wild-type
cells were correspondingly induced in both fus3 and kss1 were highly correlated, the average induction level of
the top 20 induced genes was reduced by approximatelystrains (Figure 2c; Table S2). As an example, the strongly
pheromone-regulated genes, FIG2 and CIK1 [15, 23], 3-fold, consistent with a partial interruption of signal trans-
mission by Fus3T180A, Y182F, as would be expected if Fus3were induced to similar levels in wild-type, fus3, and kss1
strains (Figure 2c). Furthermore, transcriptional specific- normally interacts with a fraction of the signaling machin-
ery. Consistentwith previous studies [2], both catalyticallyity was maintained in fus3 strains, as only four additional
genes (SET1, YJR157W, HAL1, and CHS7) are induced inactive versions of Fus3 used in our microarray analysis
exacerbated the G1-arrest defect of a fus3 strain (Figuregreater than 2.5-fold by pheromone, as compared to the
wild-type response. Consistent with previous results, fus3 3a) and reduced mating efficiency by 10- to 100-fold in
quantitative mating assays (Figure 3b). We conclude fromstrains are defective in G1 arrest, as revealed by the failure
to repress S phase-specific genes such as HHF1, HTA2, our genome-wide transcriptional data sets that catalyti-
cally inactive forms of Fus3 do not prevent Kss1 fromandHTB1 (Figure 2c). Thus, while Fus3 exhibits specific-
ity for the G1-arrest component of the mating response, participating in pheromone-activated signaling complexes,
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Figure 2
Genome-wide DNA microarray analysis of the
mating pheromone transcriptional program in
fus3 and kss1 mutant strains. Correlation plots
of transcriptional responses to pheromone
treatment display the expression ratio for each
gene in one experiment versus the
corresponding expression ratio in the second
experiment. Representative genes are
labeled: FUS2 and FIG1, which are involved
in proper polarization and nuclear fusion;
HTB1, an S phase-specific gene; STE2, a
mating-type-specific gene; and FAR1. The
degree of correlation between experiments is
determined as the correlation coefficient 
for the union of genes induced or repressed.
(a,b) Pheromone response profile after 30
min of exposure to 5 M  factor in (a) fus3
(yAB36) versus wild-type (yAB35) and (b)
kss1 (yAB37) versus wild-type (yAB35).
Correlation coefficients are given for (a) 439
or (b) 438 genes that are induced or repressed
greater than 1.5-fold (sig) in wild-type
(yAB35) and for all genes (all). (c) Genes
induced greater than 8-fold or repressed
greater than 4-fold after 30 min of exposure
to 5 M  factor in wild-type cells are
organized according to induction/repression
level and are compared to the response of
fus3 (yAB36) and kss1 (yAB37) cells (23
genes in total). The color bar indicates fold
induction or repression; any genes that are not
measured are represented in gray. AGA1 is
induced in unstimulated kss1 cells (A.
Breitkreutz et al., unpublished data). (d,e)
Pheromone response profile after 30 min of
exposure to 5 M  factor in (d) fus3
(FUS3T180A,Y182FMYC) versus fus3 (Vector)
strains and (e) fus3 (FUS3K42RMYC) versus
fus3 (Vector) strains. Correlation
coefficients are given for 352 genes that are
induced or repressed greater than 1.5-fold
(sig) in pheromone-stimulated fus3
(Vector) and for all genes (all). (f) The
pheromone response profile after 30 min of
exposure to 5 M  factor for fus3
(FUS3T180A,Y182FMYC) and wild-type (wt), both
compared to unstimulated wild-type cells.
Correlation coefficients are given for 590
genes induced or repressed greater than 1.5-
fold (sig) in pheromone-stimulated wild-type
and for all genes (all). (g) Genes induced 8-
fold after 30 min of exposure to 5 M  factor
in wild-type cells are organized according to
induction level and are compared to the were grown in selective media to ensure STE2. Signal intensity for each mRNA species
indicated transcriptional profiles (24 genes in plasmid maintenance. (h) Expression levels was quantitated by Phosphorimager,
total). The color bar indicates fold induction of FUS1, FIG1, and STE2 mRNAs in the normalized to the corresponding ACT1 signal
or repression; any genes that are not measured strains used in (a)-(f) before and after 30 min from a parallel blot, and reported as a
are represented in gray. The host strain used of exposure to 5 M  factor. Total RNA was pheromone induction ratio (below each pair
for (d)–(f) was MT1505, and all transformants separated and probed for FUS1, FIG1, and of lanes).
at least within the transcriptional branch of the mating and Kss1 activity in immune complex kinase assays with
purified recombinant Ste12 as an exogenous substrate.response.
Fus3 and Kss1 catalytic activities were equivalently in-
duced upon pheromone stimulation (Figure 3c), consis-To determine the overall extent of Fus3 and Kss1 activa-
tion in response to pheromone, we measured bulk Fus3 tent with previous assessments based on MAPK phos-
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Figure 3
Fus3 and Kss1 activity in vivo. (a) Halo assays
and (b) mating efficiencies for a fus3
(MT1505) strain bearing either empty vector
(MT271), FUS3MYC (GA1903), FUS3K42RMYC
(GA1905), or FUS3T180A,Y182FMYC (GA1906).
(c) The stimulation of Fus3 and Kss1 kinase
activity by mating pheromone. Wild-type
(yMT1561), fus3 (yMT1505) strain bearing
either FUS3T180A,Y182FMYC (GA1906), FUS3MYC
(GA1903), or kss1 strain (yAB37) bearing
KSS1MYC (MT1499) were collected before or
after 30 min of treatment with 5 M  factor.
Anti-MYC immunoprecipitates were
analyzed for kinase activity using exogenous
Ste12 as a substrate. Wild-type Kss1 activity
was arbitrarily assigned a value of 100. (d) An
immunoblot of total cell extracts from wild-
type (yAB35), fus3 (yAB36), kss1 (yAB37),
and fus3 kss1 (yAB38) strains expressing
Far1HA from the GAL1 promoter (MT973),
Rst1HA (MT1608), or Rst2HA (MT1602)
before or after 20 min of treatment with 5 M
 factor. The asterisk lanes contain either
wild-type cells bearing GAL1-FAR1HA
(MT973) grown in glucose (i.e., repressed
conditions) for Far1 or wild-type cells bearing
empty vector (MT273) for Rst1 and Rst2.
Equal loading of each lane was confirmed by
a total protein stain of the immunoblot (data
not shown).
phorylation status in certain MAPK mutant backgrounds observed little difference in the propensity of Ste5 to
assemble complexes with Fus3 as opposed to Kss1 when[20, 21]. Taken together, these results demonstrate that
specificity in the mating response does not occur at the all components were coexpressed (Figure 4e), in agree-
ment with previous two-hybrid interaction studies [9].level of kinase activation. To account for the large differ-
ence in mating competence between fus3 and kss1 strains, Interestingly though, the association of Kss1 with Ste5
was dependent on Ste7 and was stimulated upon thewe investigated whether Fus3 might exhibit selectivity
toward substrates other than Ste12. A likely candidate addition of Ste11 (Figure 4b), whereas Fus3 interacted
with Ste5 directly in the absence of other kinases (Figurewas Far1, as not only can Fus3 phosphorylate and activate
Far1, but fus3 and far1 strains have similar mating and 4a). The kinase activity of each MAPK complex was
tested against Ste12, Rst1, and Rst2, which were exoge-G1-arrest defects [4, 16, 17]. We first examined the in vivo
effects of pheromone treatment on Far1, Rst1, and Rst2 nously added to each purified complex (Figure 4c,d).
Fus3-associated kinase activity was maximal when Ste5,phosphorylation in wild-type, fus3, kss1, and fus3 kss1
strains in the 1278 background. Phosphorylation of Far1 Ste11-4, and Ste7 were present (Figure 4c), whereas the
activity of Kss1 was nearly maximal whenever Ste7 wasdepended largely on FUS3, but not on KSS1 (Figure 3d),
in agreement with previous results obtained in the S288C present (Figure 4d), suggesting an intrinsic difference
between the activation mechanisms for the two MAPKs.background [17]. As controls, pheromone-induced phos-
phorylation of Rst1 and Rst2 was largely unperturbed by Interestingly, the activation of Fus3 by the complex sig-
naling appeared to occur in a step-wise manner, in thatthe deletion of either FUS3 or KSS1.
substrates became progressively more phosphorylated as
each upstream component was added to the complex (Fig-In order to rule out other possible regulatory mechanisms,
such as differential subcellular localization, that might ure 4c,d). As a control to demonstrate specificity inMAPK
activation, we examined the ability of another yeast,give rise to apparent substrate specificity in vivo, we re-
constituted activeMAPKmodules from purified recombi- MAPK Slt2/Mpk1, which is part of the cell wall integrity
pathway [5], to form mating-specific signaling complexesnant components. Insect cells were coinfected with vari-
ous combinations of baculovirus constructs that express with recombinant components. Slt2 did not form detect-
able complexes with Ste5, Ste7, and Ste11, nor did itSte11-4 (a constitutively active form of Ste11 [24]), Ste5,
Ste7, and either Fus3-MYC, Kss1-MYC, or Fus3K42R-MYC. MAPK exhibit any activity toward Ste12 (Figure 4e). The recon-
stituted Fus3 and Kss1 complexes thus faithfully mimiccomplexes were immunopurified from cell lysates and
immunoblotted for associated proteins (Figure 4a,b). We their in vivo characteristics.
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Figure 4
Reconstitution of catalytically active Fus3 and
Kss1 signaling complexes from recombinant
components. (a,b) The assembly of
multiprotein complexes containing all
possible permutations of Ste11-4, Ste5, Ste7,
and either Fus3MYC or Kss1MYC. Anti-MYC
immunoprecipitations from insect cell lysates
infected with the indicated recombinant
baculoviruses were immunoblotted with anti-
Ste11, anti-Ste7, anti-Ste5, and anti-MYC
antibodies. (c,d) The phosphorylation of
MAPK substrates requires the activation of
Fus3 and Kss1 by upstream kinases.
Complexes isolated in (a) and (b) were
incubated with either Ste12FLAG, HISRst1, or
HISRst2 in kinase reaction buffer, separated
by SDS-PAGE, and immunoblotted with anti-
FLAG, anti-Rst1, and anti-Rst2 antibodies.
(e) The specific formation and activation of
Fus3 and Kss1 signaling complexes.
Recombinant Ste5-Ste11-Ste7-MAPK
complexes were immunoprecipitated from
insect cells infected with baculoviruses
expressing Ste5, Ste11-4, Ste7, and either
Fus3MYC, Kss1MYC, Slt2HA, or Slt2K54RHA,
incubated with Ste12 in the presence of
[32P]-ATP, separated by SDS-PAGE, and
stained (middle panel) prior to
autoradiography (upper panel). Purified
complexes were probed with anti-HA, anti-
Ste5, anti-Ste11, and anti-Ste7 antibodies
(lower panel). (f) Equal amounts of the
indicated recombinant Ste5-Ste11-Ste7-
MAPK immune complexes (1 pmol) were
incubated with either excess (10 pmol) purified
Ste12FLAG or HISFar1 in the presence of [32P]-
ATP for the indicated times, separated by
SDS-PAGE, and detected by
Phosphorimager. (g) The quantitation of 32P
incorporation into Ste12 (red) and Far1
(black) phosphorylation by Fus3K42RMYC,
Fus3MYC, or Kss1MYC immune complexes. (h)
The initial rate of 32P incorporation into Ste12,
Far1, and a biotinylated MAPK substrate
peptide, as determined from 1, 3, and 10 min
reaction time points (average of two
independent experiments, the bar indicates
range). Wild-type Fus3 activity was arbitrarily
assigned a value of 100.
We then used the reconstituted MAPK complexes to as- activity toward a heterologous model substrate peptide
derived from the viral MAPK substrate LMP2A (Figuresess the intrinsic substrate preferences of Fus3 and Kss1
in quantitative in vitro kinase assays. As a control, we 4h) [26]. In marked contrast, Fus3 phosphorylated Far1
at a 10-fold higher rate than Kss1 (Figure 4f-h). Theanalyzed the ability of eachMAPK complex to phosphory-
late recombinant Ste12, a known substrate of both Fus3 preferential phosphorylation of Far1 by Fus3 is entirely
consistent with the G1-arrest defect of fus3 strains [16,and Kss1 [2, 25]. The measurement of [32P]Ste12 product
revealed that theFus3 complexwas capable of phosphory- 25] and the inability of pheromone to repress G1-specific
transcription in a fus3 strain [15]. In toto, these datalating Ste12 at approximately twice the rate of the Kss1
complex under linear reaction conditions (Figure 4f–h). strongly suggest that Fus3 exerts specificity at a nontran-
scriptional level, at least in part via the phosphorylationAs expected, the Fus3K42R-MYC complex catalyzed only a
background level of substrate phosphorylation, indicating of Far1.
that the MAPK (and not the associated Ste7 or Ste11-4)
accounts for most of the measurable kinase activity (Fig- Fus3 was initially identified genetically as a mating-spe-
cific MAPK required for efficient cell fusion and matingure 4f–h). Fus3 and Kss1 also exhibited a similar relative
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activation of the yeast pheromone response pathway. Genes[22]. Subsequently, an overlapping function for Kss1 and
Dev 1998, 12:2684-2697.
Fus3 in the mating response was suggested, based on the 8. Feng Y, Song LY, Kincaid E, Mahanty SK, Elion EA: Functional
binding between G and the LIM domain of Ste5 is requiredsterility of a fus3 kss1 strain [27]. The premise for signaling
to activate the MEKK Ste11. Curr Biol 1998, 8:267-278.specificity then shifted to a model in which Fus3 enforced 9. Choi KY, Satterberg B, Lyons DM, Elion EA: Ste5 tethers multiple
specificity by the physical occlusion of Kss1 from mating- protein kinases in the MAP kinase cascade required for
mating in S. cerevisiae. Cell 1994, 78:499-512.specific signaling complexes [2]. Our genome-wide tran-
10. Leeuw T, Wu C, Schrag JD, Whiteway M, Thomas DY, Leberer E:
scriptional analyses and the strong selectivity of Fus3 to- Interaction of a G-protein beta-subunit with a conserved
sequence in Ste20/PAK family protein kinases. Nature 1998,wardFar1 in vivo and in vitro strongly argue that the biologi-
391:191-195.cal differences betweenFus3 andKss1 are accounted for by 11. Moskow JJ, Gladfelter AS, Lamson RE, Pryciak PM, Lew DJ: Role
differential substrate specificity, as opposed to differential of Cdc42p in pheromone-stimulated signal transduction in
Saccharomyces cerevisiae. Mol Cell Biol 2000, 20:7559-7571.activation of the twoMAPKs by upstream signaling compo-
12. Song D, Dolan JW, Yuan YL, Fields S: Pheromone-dependentnents (Figure 1b). This interpretation remains consistent phosphorylation of the yeast STE12 protein correlates with
transcriptional activation. Genes Dev 1991, 5:741-750.with the ability of a catalytically inert Fus3, but not a
13. Cook JG, Bardwell L, Kron SJ, Thorner J: Two novel targets ofcatalytically inert Kss1, to exacerbate the mating defect of
the MAP kinase Kss1 are negative regulators of invasive
a fus3 strain [2]. As mating efficiency is unperturbed when growth in the yeast Saccharomyces cerevisiae. Genes Dev
1996, 10:2831-2848.the same Fus3 mutants are expressed in wild-type cells
14. Tedford K, Kim S, Sa D, Stevens K, Tyers M: Regulation of the[2], we suspect that inactive forms of Fus3 may effectively mating pheromone and invasive growth responses in yeast
outcompete residual Kss1-mediated phosphorylation in by two MAP kinase substrates. Curr Biol 1997, 7:228-238.
15. Roberts CJ, Nelson B, Marton MJ, Stoughton R, Meyer MR, Bennettfus3 strains. Consistent with this interpretation, fus3 cells
HA, et al.: Signaling and circuitry of multiple MAPK pathways
exhibit a modest G1 delay upon pheromone treatment, revealed by a matrix of global gene expression profiles.
Science 2000, 287:873-880.whereas far1 cells show almost no cell cycle response [16].
16. Tyers M, Futcher B: Far1 and Fus3 link the mating pheromoneIt also seems likely that Fus3-specific targets other than signal transduction pathway to three G1-phase Cdc28
Far1 will contribute to nontranscriptional aspects of the kinase complexes. Mol Cell Biol 1993, 13:5659-5669.
17. Peter M, Gartner A, Horecka J, Ammerer G, Herskowitz I: FAR1mating response [28]. The biologically relevant discrimina-
links the signal transduction pathway to the cell cycle
tion of substrates by highly related MAPKs such as Fus3 machinery in yeast. Cell 1993, 73:747-760.
18. Liu H, Styles CA, Fink GR: Elements of the yeast pheromoneandKss1 highlights an often unexplored layer of complexity
response pathway required for filamentous growth ofin MAPK signaling [29]. diploids. Science 1993, 262:1741-1744.
19. Roberts RL, Fink GR: Elements of a single MAP kinase cascade
in Saccharomyces cerevisiae mediate two developmentalSupplementary material programs in the same cell type: mating and invasive growth.
Details of supplementary tables, methods, yeast strains, plasmids, and Genes Dev 1994, 8:2974-2985.
oligonucleotides used in this study are available at http://images.cellpress. 20. Gartner A, Nasmyth K, Ammerer G: Signal transduction in
com/supmat/supmatin.htm and also at http://www.mshri.on.ca/tyers/. Saccharomyces cerevisiae requires tyrosine and threonine
phosphorylation of FUS3 and KSS1. Genes Dev 1992, 6:1280-
1292.
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